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(RECEIVED December 10, 1993; ACCEPTED February 1, 1994) 

Abstract: A multiple sequence alignment among aspartate ami- 
notransferase, dialkylglycine decarboxylase, and serine hydroxy- 
methyltransferase (DAS) was  used for profile databank search. 
The DAS profile  could detect similarities to  other pyridoxal or 
pyridoxamine  phosphate-dependent enzymes, like several gene 
products involved in dideoxysugar and deoxyaminosugar syn- 
thesis. The alignment among DAS and such gene products shows 
the conservation of aspartate 222 and lysine 258, which, in 
aspartate aminotransferase,  interacts with the N1 of the coen- 
zyme pyridine ring and  forms  the internal Schiff base, respec- 
tively. The lysine is replaced by histidine in the pyridoxamine 
phosphate-dependent gene products.  The alignment indicates 
also that  the region encompassing the coenzyme binding site is 
the most conserved. 
Keywords: aminotransferase;  antibiotics;  deoxyaminosugars; 
dideoxysugars; profile analysis; pyridoxal phosphate; pyridox- 
amine  phosphate;  3D  structure  superposition 
~~ ~ _ _ _ _ _ . ~ ~ _ _ _ _ _ _  

The recent resolution of new spatial  structures  (Antson et al., 
1993; Toney et al., 1993) indicates that the pyridoxal phosphate 
(PLP)-dependent enzymes involved in amino acid metabolism 
could be grouped in a few structural families, maybe only 2, ex- 
emplified by tryptophan synthase  subunit /3 (Hyde et al., 1988) 
and  aspartate aminotransferase (AAT; McPhalen et al., 1992); 
see Kinemage 1. However, within these 2  groups, sequence sim- 
ilarity among individual PLP-dependent enzymes is  very low. 

Accumulation and exploitation of structural and sequence in- 
formation is enhancing the performance of databank search 
methods (e.g., profile analysis by Gribskov et al. [1990]; Vogt 
& Argos [1992]) for identifying distantly related proteins, as 
proven successfully in the case of PLP-dependent enzymes (Mehta 
et al., 1993, and references therein). These results prompted us 
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to compare  the sequence of the Escherichia coli serine hydroxy- 
methyltransferase (SHMT) to those of AAT and dialkylglycine 
decarboxylase (DGD; Toney et al., 1993) by combining a  pro- 
file analysis (Genetics Computer Group, 1991) and a  structural 
superposition approach (details in Pascarella et al., 1993). The 
resulting DGD-AAT-SHMT alignment (we  will refer to it as 
DAS) proved to be sensitive in detecting distantly related PLP- 
dependent enzymes by profile search of the SWISS-PROT data- 
bank. In fact,  the DAS profile search ranked the eryCl gene 
product (Dhillon et al., 1989; SWISS-PROT code ERBS- 
SACER) with a Z-score higher than  that of several other  PLP- 
dependent enzymes some of which definitely related to the AAT 
(Table l), like the Sulfolobus solfataricus AAT (AAT-SULSO; 
fractional sequence identity to AAT is 18%).  The alignment of 
ERBS-SACER to  the DAS alignment obtained with PRO- 
FILEGAP is shown in Figure 1. Although sequence similarity 
is  weak (pairwise identity percentage to AAT, DGD, and  SHMT 
is 13, 14, and  12%, respectively), the lysine in position 258 
(K258)  of  AAT, which forms  a Schiff base with the  PLP cofac- 
tor,  and  the  aspartate in position 222 (D222 in AAT), which 
H bonds to  the pyridine ring N1, are  both conserved in the 
ERBS-SACER  sequence  (these residues will  be referred to 
with their AAT numbering). These 2 residues are among  those 
conserved in all aminotransferases  (Mehta et al., 1993). The 
eryCl gene product is involved in the biosynthesis of erythro- 
mycin, very likely at  the step of desosamine synthesis or its 
attachment to  the macrolide ring (Dhillon et al., 1989). Previ- 
ous studies suggested that amino sugar biosynthesis proceeds 
through  a  transamination  step  (Luckner, 1984). The similarity 
found with the DAS alignment supports the  identification of 
ERBS-SACER with such an aminotransferase. The eryC1 gene 
product has several homologues (Table 2). The PILEUP align- 
ment among  the first 7 sequences reported in Table 2 (indicated 
in the text as P7) showed that  the aspartate of ERBS-SACER 
aligned to residue D222 of AAT is conserved in all of them, 
whereas residue K258 is replaced by histidine in only 1 case, i.e., 
in YRF73ALTY. Two  PLP-dependent enzymes were ranked 
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Table 1. PLP enzymes ranked at a score lower than that assigned to  ERBS-SACER by profile search with DAS 

Target sequencea Protein  Source 

ERBS-SACER eryCl Gene product 
AAT-SULSO Aspartate  aminotransferase 
BIOF-BACSH 8-Amino-7-oxononoate  synthase 
GSA-HORVU Glutamate-1-semialdehyde 2,l-aminomutase 
CEFD-STRCL lsopenicillin N-epimerase 

Saccharopolyspora  erythraea 
Sulfolobus solfataricus 
Bacillus sphaericus 
Hordeum vulgare 
Streptomyces clavuligerus 

Z-score 

4.29 
4.25 
4.21 
4.19 
4.08 

a SWISS-PROT codes. 
” 

at  the highest positions by the  PROFILESEARCH routine  run 
with the profile calculated from P7 (Table 3). For some of these 
gene products,  a regulatory function was originally proposed on 
the basis of the effects of inactivation of the respective genes on 
metabolism. The predicted occurrence of a helix-turn-helix-like 
motif, typical of a group of expression-regulating factors,  ap- 
peared to support this hypothesis (Lacalle  et al., 1992; Stutzman- 
Engwall et al., 1992). On  the  contrary,  our results suggest that 
the  proteins mentioned in Table 2 are PLP-dependent enzymes. 

More recently, several papers were published by Thorson  and 
coworkers (Thorson et al., 1993, and references therein). These 
authors describe the cloning and characterization of a Yersinia 
pseudotuberculosis gene cluster involved in the biosynthesis of 
ascarylose, a 3,6-dideoxyhexose present in the  0-antigen.  One of 
these genes, ascC, codes for  a pyridoxamine phosphate  (PMP)- 
dependent  iron-sulfur-containing enzyme (Gonzalez-Porque, 
1986), which was  in fact also purified and characterized.  The 
same authors observed a sequence homology between the ascC 
product and  the ERBS-SACER group members, which was 

Table 2. Sequences homologous to ERBS-SACER 

Gene denominationa 

eryCl (ERBS-SACER) 
degT (DEGT-BACSU) 
dnrJ (DNRJ-STRPE) 

strS 
orfl0.4 in the rfbG-rfbJ intergenic region (YRF7LSALTY) 
0299 in the rffE-rffr region (YIFI-ECOLI) 
ascC 
tylB 

Prgl 

particularly high  in the case of YRF7-SALTY (Thorson et al., 
1993). It was proposed,  on the basis of sequence similarity and 
putative  reaction mechanism features, that these proteins were 
PLP-dependent  aminotransferases involved in the biosynthesis 
of amino sugars. We included the  2  extra sequences reported by 
Thorson et al. (1993) (i.e., uscC and tylB, Table 2) in P7 (the 
resulting alignment will  be indicated in the text as P9).  In  all, 
the  aspartate D222 is  conserved,  whereas two of them, the PMP- 
dependent dehydrases ascC and YRF7_SALTY, have histidine 
instead of lysine K258. A  profile search with P9 confirms and 
improves the results previously obtained with P7 (Table 3). 
Figure 1 reports  the  final sequence alignment among DAS 
and ERBS-SACER  homologues. A dendrogram clustering 
ERBS-SACER sequences by sequence similarity shows clearly 
3  groups (Fig. 2): one  group collects the K258-containing puta- 
tive aminotransferases, the second the  PMP-dependent de- 
hydrases containing the histidine, and the  third coincides with 
YIFI-ECOLI, which has K258 but  other peculiarities not yet 
well understood. 

Putative  function Reference 

Erythromycin synthesis 
Pleiotropic regulatory gene 
Daunorubicin synthesis 
Puromycin synthesis 
Streptomycin synthesis 
0 antigen synthesis 
Enterobacterial  common antigen synthesis 
Ascarylose synthesis 
Tylosin synthesis 

Dhillon et al., 1989 
Takagi et al., 1990 
Stutzman-Engwall et al., 1992 
Lacalle et al., 1992 
Distler et al., 1992 
Jiang et al., 1991 
Daniels et al., 1992 
Thorson et al., 1993 
Thorson et al., 1993 

a Available SWISS-PROT codes. 

Fig. 1 (facing page). Sequence alignment obtained by extending the initial DAS-ERBS-SACER with iterated inclusion of 
DEGT-BACSU, DNRJ-STRPE, YRF7LSALTY, YIFI-ECOLI, andprgl, strS, ascC, tylB gene products,  After each addi- 
tion,  a  profile was recalculated from  the resulting alignment and a new sequence incorporated with PROFILEGAP. AAT num- 
bering system is reported in the  top alignment line. Alignment has been manually modified to match the  Ser/Thr residues in 
position 253 by adding the  gap in position 254. AAT D222 and K258 are marked with ‘‘e’’. The YIFI-ECOLI  C-terminal  part 
was unrealistically fragmented by PROFILEGAP  and therefore  the alignment corrected manually. Secondary structure assign- 
ments to AAT and DGD (line labeled with “ss”) according to Kabsch and Sander (1982) are  reported: h, e, g, t, b, and s stand 
for helix, extended, 310-helix, turn, bulge, and bend, respectively.  Blank means coil. Dots represent gaps introduced by the align- 
ment routine.  Absolute numbering for easy reference to Figure 3 is at the  bottom alignment line. 
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Table 3. Highest scoring PLP-dependent  enzymes detected with profile searches using probes P7 and P9 

Target  sequencea Protein Source 

YDlM-HERAU Hypothetical 34.7-kDa protein (homologous to cystathionine lyase) Herpetosiphon auranfiacus 
GLYA-CAMJE Serine hydroxymethyltransferase Campylobacter  jejuni 
CGL-RAT Cystathionine-y-lyase Rattus norvegicus 
KBL-ECOLI 2-Amino-3-ketobutyrate coenzyme A ligase Escherichia coli 
DCLY -BACSU Lysine  decarboxylase Bacillus subtilis 
AAT-SULSO Aspartate aminotransferase Sulfolobus solfataricus 

with P7 
Z-score 

6.24 
4.86 
4.22 
3.78 
3.59 
3.58 

~ . . .~  

~~ 

with P9 
Z-score 

5.70 
4.93 
4.56 
3.65 
3.60 
4.36 

~ 

a SWISS-PROT codes. 

The use of sensitive methods for sequence alignment and 
data bank searches with a multiple sequence alignment among 
distant  proteins based on  the 3-dimensional structure super- 
position has resulted in the identification and alignment of the 
ERBS-SACER proteins to PLP-dependent enzymes for which 
the spatial  structures are known. The relatively  high score given 
by the DAS profile to ERBS-SACER supports the hypothesis 
that these proteins  also  contain the “aminotransferase fold.” 
This is confirmed by profile analysis with the probe P9 (ERBS- 
SACER plus homologues). In fact, it assigns to 1 PLP-dependent 
enzyme a  2-score >5.0, considered a  threshold for definitive 
structural relationship, and  to several others  a score >3.0, con- 

1- Erbs Sacer 

I 
I Yifi  Ecoli 

Y= 0.1 (expected  fraction of amino acids changed) 

Fig. 2. Sequence  similarity relationships among ERBS-SACER  and 
its homologues. Sequence  distances  and  the  dendrogram  have  been cal- 
culated  with  the PHYLIP package  (Felsenstein, 1985) using  the  programs 
PROTDIST  and  the UPGMA procedure  implemented  in NEIGHBOR, 
respectively.  Branch  lengths  are  proportional to sequence  dissimilarity. 
Sequence identifiers  are defined in  the text. 

sidered meaningful  (Mehta et al., 1993). The alignment among 
DAS and ERBS-SACER with its homologues indicates the 
presence of a lysine/histidine and an aspartate residue at posi- 
tions equivalent to AAT K258 and D222, respectively (Fig. 1). 
The histidine at position 258 instead of the lysine  which forms 
a Schiff base with the  cofactor in the PLP-  and  PLP/PMP- 
dependent enzymes seems to occur only in the  PMP-dependent 
enzymes. This is compatible with the fact that the  latter  forms 
only  an  “external” Schiff base between substrate and the PMP 
form of the  cofactor,  but they still  need a base to catalyze a pro- 
ton shift (Gonzalez-Porque, 1986). This central event in PLP- 
and  PLPIPMP-dependent enzymes is supposed to be catalyzed 
by the €-amino  group of the same active site lysine residue (K258 
in AAT,  K87 in tryptophan  synthase [Miles  et al., 19891). Inter- 
estingly,  site-directed  mutagenesis experiments on aspartate ami- 
notransferases substituting the active site lysine  with other polar 
amino acid residues, and in particular with histidine, showed 
that the  mutated  products  maintain the proper fold and the ca- 
pacity of binding PLP/PMP. Catalytic activity was still mea- 
surable  but significantly lower than that of the native enzyme 
(Fukaki et al., 1990; Ziak et al., 1990). Similarly, experimental 
evidence obtained  after  mutation of the active site lysine  in ser- 
ine hydroxymethyltransferase suggests that this residue  is not the 
base that removes a proton  from  the a carbon of glycine in its 
conversion to serine (Schirch  et al., 1993). This confirms the hy- 
pothesis formulated by Christen that the  ubiquitous active site 
lysine in PLP-dependent enzymes might “represent  a conse- 
quence of the chemical reactivity of the  cofactor  rather than a 
mechanistic necessity” (Ziak et al., 1990). On  the  other  hand, 
D222  is presumably required both by the  PLP/PMP-dependent 
aminotransferases and  the exclusively PLP- or PMP-dependent 
enzymes (such as SHMT  and dideoxysugar dehydrases, respec- 
tively) because it interacts with the pyridine N1 and stabilizes 
the required positive charge during catalysis. An arginine equiv- 
alent to AAT arginine 386,  which binds the a-carboxylate of the 
amino acid substrate, cannot be  localized by sequence alignment 
in the other K258-bearing enzymes. Its presence would be ex- 
pected in the enzymes involved in amino sugar biosynthesis be- 
cause the  amino group donor  in  the transamination  reaction is 
still an  amino acid. Very likely, the active site area of these en- 
zymes was changed significantly during  evolution in order to 
accommodate and bind sugar substrates. The similarity plot 
(Fig. 3) of the multiple sequence alignment in Figure 1 indicates 
that  the region encompassing the putative PLPIPMP binding 
site (position 180-280  in Fig. 1)  is most highly conserved. This 
region corresponds,  according to  the alignment in Figure 1, to 
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1.0 - - 

Fig. 3. PLOTSIMILARITY  graph (Genetics Computer  Group, 1991) 
showing  the  local  similarity  in  the  alignment  in  Figure I using  a  window 
of 10 residues. The  most  similar  pairs, i.e., ERBS-SACER-tylB  and 
ascC-YRF7-SALTY,  were given a weight 0.5 (instead  of 1 .O as  for  the 
other  sequences)  for  correcting  the  overrepresentation of conserved 
strings.  Average  similarity is indicated  by  the  dashed  line  and  sequence 
position  refers  to  the  absolute  numbering  in  Figure 1 .  

part of the AAT Rossmann-type a/@ supersecondary structure 
(Kinemage 1 ; McPhalen et al., 1992). Included in the core of the 
large domain are @strands d, e ,  f, g (AAT positions 184-188, 
216-223, 250-255, and 268-273, respectively), and helices 8 and 
9 (202-215,233-246). Insertions/deletions in  this region are also 
properly located in proximity of turns  and loops, whereas  in  the 
N- and C-terminal part of the alignment they tend to interrupt 
or delete  entire  secondary  structural modules. Alignment  in  such 
regions (which include the AAT small domain) is less reliable. 

Relating the primary sequence of the dideoxy/deoxyamino- 
sugar biosynthetic enzymes to the known 3-dimensional struc- 
tures of  PLP enzymes and the availability of the corresponding 
genes provide a method to verify in future studies the  structural 
and  mechanistic  similarity of these  enzymes to the  aspartate ami- 
notransferase group by using site-directed mutagenesis. 
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